Introduction
Current aging research is largely focused on better understanding underlying aging processes with the aim to promote healthy aging. Over the past few decades, the aging of physical and cognitive processes has received extensive attention and has been found to be associated with overall health and increased risk of morbidity, mortality and dementia [1, 2] . Still, a greater focus on the individual differences in patterns and causes of changes in physical and cognitive processes over the life course is needed for predicting late life outcomes and for developing interventions to reduce the risk of negative health outcomes.
Although there is consensus that cognitive performance generally declines with age, some evidence suggests that this decline is not normative [3] [4] [5] . Similarly, longitudinal studies demonstrate physical decline with age [6] . Despite these similar findings, few, if any, studies have examined the interindividual heterogeneity and the interrelationships in these trajectories.
Developments in the analysis of longitudinal data have resulted in recent studies focused on better understanding heterogeneity in the trajectories of cognitive functioning. One such development, referred to as growth mixture models (GMM), allows for the identification of different classes of individuals who cluster together, thus identifying more than one trajectory within the population [7] [8] [9] . GMM provides information about the optimal number of classes and the characteristics of each class, including the mean intercept and slope, proportion of membership, and significant predictors of class membership.
When GMM [e.g. 7, 8] have been used to explore various patterns of cognitive aging [3-5, 10, 11] , they have typically suggested two (slow and rapid decliners) [10, 11] or three (low, moderate and rapid decliners) [3, 4] classes that best represent the underlying heterogeneity of cognitive trajectories.
Most analyses of the association between cognitive and physical functioning have been based on modelling approaches (e.g. multivariate growth curve model) not taking into account the possibility for different clusters of individuals exhibiting distinct patterns of change and cross-domain interrelationships. It is quite strongly supported that cognitive and physical functioning are related in cross-sectional studies, and more weakly in longitudinal analyses [12] . How these two processes are interrelated, however, is largely unknown. More studies are needed that explore the relationship between physical and cognitive functioning within different classes of trajectories. Using a GMM with multiple outcomes (i.e. multivariate GMM) allows the exploration of not only the different classes of cognitive and physical functioning but also the association between the two outcomes within each of the identified classes.
The purpose of this study was to (i) identify subgroups of older adults best describing longitudinal change in performance on the Mini Mental State Examination (MMSE) and grip strength, (ii) examine the associations between MMSE and grip strength trajectories within each subgroup and (iii) evaluate the role of cognitive and physical activity and demographic variables on differences in class membership.
Grip strength was chosen as a biomarker of physical functioning given its sensitivity to physiological change [13] and its use as a valid marker of frailty [14] . Its simplicity to administer, portability and affordability make it easy to apply in numerous settings [13] . The MMSE was selected as the cognitive measure given that a systematic review by Clouston and colleagues (12) found that the MMSE was more strongly related with grip strength than domainspecific measures of cognition in older adults.
Method Data
Origins of Variance in the Oldest-Old (OCTO-Twin)
The OCTO-Twin study included dizygotic and monozygotic twin pairs aged 80 years of age and older [15, 16] . The sample was selected from older adults in the population-based Swedish Twin Registry [17] . Five cycles of longitudinal data were collected at 2-year intervals. The full sample consisted of 702 individuals (351 same-sex pairs). Individuals were excluded due to missing data on the covariates. The sample used in the analysis consisted of 369 individuals ranging from 79.4 to 97.9 years of age. The rate of attrition ranged from 10.5% to 28.8% every two years, primarily due to death (see Table 1 ). Ethical approval for OCTO-Twin was obtained from the Ethics Committee at the Karolinska Institute in Stockholm and the Swedish Data Inspection Board. Informed consent was obtained from all participants. Descriptive statistics at each occasion for all variables are provided in Table 1 .
Measures

MMSE
The MMSE, administered in Swedish, was used to asses global cognitive functioning at each measurement occasion [18] . Note. N = 369. *Sample size at each data wave and attrition rate every 2 years. Edu = years of education. Height in cm.
Physical and cognitive functioning
per square inch was used [19] . Participants performed the task three times per hand, with the final score being the maximum force exerted.
Covariates
Age, education and sex were included as covariates on the intercept and slope, and as markers of class membership. Height, level of physical activity, and engagement in cognitive activities were included as markers of class membership. Age, education and height were centred at their mean value. Sex was coded as 0 for males and 1 for females. Level of physical activity was measured by asking respondents: 'Are you presently doing or have you previously done anything special to train your body or 'keep your body fit'?'. Response options were 'no', 'yes, to some extent' or 'yes, to a great extent'. These were used to derive an indicator as sedentary (0) and active (1). The cognitive activity measure was created by summing six items (e.g. playing games) dichotomously as 'no' (0) or 'yes' (1) and one item about training the memory and keeping the mind active as 'no' (0), 'yes, to a certain degree' (1), or 'yes, definitely' (2). Total scores ranged from 0 to 8 with higher scores signifying higher engagement in cognitive activity.
Analysis
Multivariate GMM [20] were employed to identify unobserved groups of individuals with similar linear developmental bivariate trajectories of grip strength and MMSE scores. Class membership was estimated using a multinomial logistic regression adjusted for the covariates. GMM provide estimates of the average MMSE and grip strength trajectories (intercept and slope) and variation for older adults in each latent class [8, 9, 21] . The number of classes is unknown a priori, therefore, we followed recommended procedures to select the best fitting model. First, models were fitted with increasing number of classes. To determine the optimal number of classes, Bayesian Information Criterion (BIC) values were compared from each model. Models with lower BIC values were considered better fitting [22] . Classification quality using entropy values (range from 0 to 1 with higher values meaning that individuals are better discriminated between classes) [23] and interpretability of classes was further considered. Mplus version 7.2 was used to run the GMMs [24] . The model was estimated by maximum likelihood with robust standard errors. Missing data were assumed to be missing at random.
Results
Number of classes
A three-class model of cognitive and physical functioning was selected, given its lower BIC values (2 class = 18,411.00; 3 class = 18,254.08) and good classification of individuals in each class (entropy 2 class = 0.85; entropy 3 class = 0.81). Parameter estimates and standard errors for the three-class model are presented in Table 2 .
Grip strength and MMSE trajectories
Class 1: The largest class was composed of 147 individuals (40% of sample) with good physical and cognitive functioning and slow decline. In this high functioning group, individuals had an average baseline MMSE score of 28.62 (SE = 0.17) and declined at a rate of 0.12 (SE = 0.048). See upper solid line in Figure 1 . The average baseline grip strength score was 11.49 kPa (SE = 0.48) and rate of decline was 0.37 kPa (SE = 0.077) per year. See lower solid line in Figure 1 . No associations were found between grip strength and MMSE. See intercept-intercept and slope-slope covariances in Table 2 . Class 2: A class of 114 individuals (31% of sample) with slightly lower average baseline scores and steeper declining MMSE scores and grip strength was identified. In this moderate functioning group, the average baseline MMSE score was 26.84 (SE = 1.08) and average rate of decline was 0.66 (SE = 0.19). See upper dotted line in Figure 1 . Average baseline grip strength was 10.54 kPa (SE = 0.49) and decline rate was 0.57 kPa (SD = 0.064). See lower dotted line in Figure 1 . No associations were found between grip strength and MMSE. See intercept-intercept and slope-slope covariances in Table 2 .
Class 3: A low functioning group, composed of 108 individuals (29% of sample), demonstrated lower MMSE scores and weaker grip strength at the start of the study and steeper rate of decline compared to those in the other two classes. These individuals had an average baseline MMSE score of 23.71 (SE = 1.24) and decline rate of 2.10 kPa (SE = 0.18) per year (see upper dotdash line in Figure 1) ; and a baseline grip strength score of 8.46 kPa (SE = 0.82) and decline rate of 0.84 kPa (SE = 0.12) per year (see lower dotdash line in Figure 1 ). Individuals with stronger grip strength at the start of the study also demonstrated higher MMSE scores. No relationship was found between the rate of change in grip strength and the rate of change in MMSE See intercept-intercept and slope-slope covariances in Table 2 .
Covariates
In the high functioning group (class 1), none of the covariates were associated with MMSE at study entry. Sex was associated with baseline grip strength, with females having lower grip strength scores. In the moderate functioning group (class 2), individuals who were older in age at baseline had lower MMSE scores. Female participants and individuals who were older had lower grip strength. In the low functioning group (class 3), individuals with higher educational attainment had higher baseline MMSE scores.
Markers of class membership
Participation in physical and cognitive activities was markers of class membership. Membership in class 2 was associated with engagement in physical activities (Estimate = 1.31*; SE = 0.53). Individuals who were engaged in physical activities had higher probability of being in the moderate functioning group compared to the low functioning group (class 3) than individuals who did not participate in physical activity. Membership in class 1 was associated with engagement in cognitive activities (Estimate = 0.68***; SE = 0.18). Individuals who reported higher levels of engagement in cognitive activities had a higher probability of being in the high functioning group compared to the low functioning group than individuals who engaged in fewer cognitive activities. Class membership was not influenced by age, height, education or sex.
Discussion
Our findings demonstrate the use of GMM to examine clusters of trajectories based on MMSE and grip strength scores and for profiling the characteristics of individuals within clusters. This is very important as many research questions focus on the dynamic relationship between selected developmental processes and how they may change over time.
Our results show that age-related decline in physical and cognitive function was heterogeneous and not universal. We identified three distinct classes of trajectories for MMSE and grip strength in the oldest-old segment of the population. The high functioning group with good physical and cognitive performance showed minor decline and represents successful agers. The moderate functioning group who had lower cognitive and physical performance and steeper rate of decline than those in the high functioning group might be at greater risk of more substantial decline. On average, they entered the study with an MMSE score of 26.8 which is close to the cut-off score of 26 used to identify individuals at risk of mild cognitive impairment (MCI) and dementia [25] . The low functioning group, with the lowest cognitive and physical performance scores and steepest rate of decline, is likely those who are at greatest risk of also developing clinical dementia. Their average baseline score of 23.7 meets MCI criteria, [25] and almost meets the cut-off of 23 often used for clinical dementia [18] .
Interestingly, we found no evidence for differences between the sexes in the low functioning group, suggesting that, for those individuals who are most frail, there are only minor or no differences between men and women. Our finding about the role of education suggests that less educated older adults in the low functioning group are at an increased risk of dementia and highlights the protective role of educational attainment in delaying the onset of the disease which is in line with the cognitive reserve hypothesis [26] . The importance of specific covariates in different classes would have been masked had we examined only one trajectory class, highlighting the importance of GMM.
Participation in cognitive and physical activities was associated with an increased likelihood of being in the highly or moderately functioning group compared to the lower functioning group. This aligns with previous longitudinal research on the importance of physical and cognitive activity [27] . Unlike previous studies which focused on the importance of lifestyle activities on the intercept and rate of change (i.e. whether participation in activities can delay decline) of physical and cognitive functioning, the current study demonstrated that these activities increase the likelihood that an individual will follow the highly or moderately functioning trajectory over the course of their later life rather than following the poorly functioning trajectory. This finding suggests that it would be effective to implement interventions which entail increased participation in physical and cognitive activities.
By identifying subgroups of individuals with similar changes in cognitive and physical functioning, we were able to better understand the relationship between these two dimensions of the aging process. Our finding that individuals with higher cognitive scores at baseline also had higher grip strength in only one class (low functioning group) suggests that the relationship between the two processes may be most relevant for those individuals who are especially frail and cognitively impaired. The fact that we only found a relationship in one class may help explain previous mixed results about the association between cognitive and physical functioning as other modelling approaches tend to assume that individual trajectories follow a single pattern of change.
One limitation of this study is the use of the MMSE with its well-known ceiling effect and modest accuracy in identifying individuals with dementia [28] . Still, the MMSE is suitable for this study since it was not used as a diagnostic tool. Another limitation is that the sample size was too small to model the GMM separately for male and female participants knowing that older adults differ in grip strength norms [29] . Still, a recent bivariate study modelled both sexes together and found a relationship between grip strength and cognition [30] .
To the best of our knowledge, this is the first study to examine the longitudinal relationship of subpopulations characterised by their physical and cognitive functioning trajectories. Our research demonstrates that cognitive and physical functioning is best described by more than one trajectory and that studies assuming a single population with an average developmental trajectory tend to miss important information about the class-specific relation between physical and cognitive functioning and class-specific markers. More research is needed to further identify risk factors to being in the low functioning group as these individuals might benefit the most from targeted interventions. Further research is also needed to examine whether similar subpopulations are found when including younger older adults and whether subpopulations of trajectories also exist for other biopsychosocial aging processes. Rather than assuming that aging individuals all follow a similar pattern of change, GMM allows for the modelling of subpopulations of trajectories which can have important implications for better tailored interventions.
Key points
• Cognitive and physical functioning is best described by three distinct classes of trajectories.
• This study demonstrates the applicability of the multivariate growth mixture model (GMM), decline in physical and cognitive function is heterogeneous and not normative.
• Modelling subpopulations of trajectories is needed for better tailored interventions.
